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HIGHLIGHTS 


•  An  experimental  characterisation  is  presented  for  the  hybrid  AeroStack  fuel-cell  system. 

•  The  electrical  efficiency  of  the  fuel  cell  was  found  to  be  over  50%  for  a  large  range  of  output  power. 

•  The  polarisation  curve  exhibits  hysteresis  effect  during  dynamic  load  changes. 

•  The  systems’  battery  ensures  a  fast  response  and  protects  the  fuel  cell  from  starvation. 

•  The  fuel  cell  recharges  the  battery  with  a  peak  current  of  1  A. 
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Advanced  hybrid  powerplants  combining  a  fuel  cell  and  battery  can  enable  significantly  higher  endur¬ 
ance  for  small,  electrically  powered  unmanned  aircraft  systems,  compared  with  batteries  alone.  How¬ 
ever,  detailed  investigations  of  the  static  and  dynamic  performance  of  such  systems  are  required  to 
address  integration  challenges.  This  article  describes  a  series  of  tests  used  to  characterise  the  Horizon 
Energy  Systems’  AeroStack  hybrid,  fuel-cell-based  powertrain.  The  results  demonstrate  that  a  significant 
difference  can  exist  between  the  dynamic  performance  of  the  fuel-cell  system  and  its  static  polarisation 
curve,  confirming  the  need  for  detailed  measurements.  The  results  also  confirm  that  the  AeroStack’s 
lithium-polymer  battery  plays  a  crucial  role  in  its  response  to  dynamic  load  changes  and  protects  the  fuel 
cell  from  membrane  dehydration  and  fuel  starvation.  At  low  static  loads,  the  AeroStack  fuel  cell  recharges 
the  battery  with  currents  up  to  1  A,  which  leads  to  further  differences  with  the  polarisation  curve. 

Crown  Copyright  ©  2013  Published  by  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Small,  electrically  powered  unmanned  aircraft  systems  (UAS) 
are  currently  used  for  a  variety  of  reconnaissance  and  remote¬ 
sensing  missions  [1—3],  Electric  propulsion  is  typically  preferred 
over  the  use  of  small  internal-combustion  engines  because  of  its 
comparatively  high  efficiency,  low  cost,  and  high  reliability  [1,2,4— 
6],  as  well  as  low  infrared  and  noise  levels.  The  energy  density  of 
commercially  available  batteries,  however,  limits  the  achievable 
endurance  of  battery-powered  UAS;  and  this  has  motivated  the 
development  of  advanced  fuel-cell-based  powerplant  systems 
[2,6—8],  Several  research  groups  around  the  world  have  designed 
and  flight-tested  fuel-cell-powered  demonstrator  aircraft  [2,4—16], 
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Their  research  systematically  reports  the  lack  of  publicly  available 
detailed  performance  specifications  [6-8]  and  demonstrates  that 
airworthy  fuel-cell-based  systems  require  a  different  design  strat¬ 
egy  than  automotive  and  stationary  applications  [4,17], 

Aircraft  typically  require  a  large  power  range  for  different  flight 
phases,  and  a  fast  response  is  required  to  balance  the  load  varia¬ 
tions  [6],  However,  fuel  cells  are  generally  limited  in  power  density 
and  can  suffer  from  a  slow  dynamic  response  [18—24],  A  hybrid 
system,  in  which  a  fuel  cell  is  combined  with  a  secondary,  short¬ 
term  boost  capacity,  such  as  that  provided  by  batteries  or  ultra¬ 
capacitors,  is  thus  required  for  operationally  viable  systems  [6,15], 
These  hybrid  systems  combine  the  high  power  density  of  the  sec¬ 
ondary  system,  ideal  for  short-duration  peak  power,  with  the  high 
energy  density  of  the  fuel  cell,  which  enables  long  endurance  [19— 
21,24-28],  In  a  hybrid  system,  the  advantages  of  each  of  the  sub¬ 
systems  are  exploited,  which  can  lead  to  a  lighter,  cheaper  system 
with  improved  efficiency  [25—27],  Hybrid  systems,  however, 
include  dynamic  subsystems  and  passive  or  active  power- 
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Nomenclature 

LHV 

lower  heating  value  of  H2,  [MJ  kg-1] 

Agf 

Gibbs  free  enthalpy  of  formation,  [J  mol-1] 

lhv 

molar  lower  heating  value  of  H2,  [J  mol-1] 
polarisation  curve-fit  coefficient,  [V] 

diH2,to 

total  H2  mass-flow  rate,  [slpm] 

n 

polarisation  curve-fit  coefficient,  [A-1] 

tflH2 

H2  mass-flow  rate  (no  purging),  [slpm] 

p 

fuel-cell  stack  power,  [W] 

Hh2 

H2  molar-flow  rate  (no  purging),  [mol  s-1] 

V0 

polarisation  curve-fit  coefficient,  [V] 

Pel 

electrical  efficiency,  [— ] 

R 

polarisation  curve-fit  coefficient,  [Q] 

Vf 

Faradic  efficiency,  [— ] 

V 

fuel-cell  stack  voltage,  [V] 

Pth 

thermodynamic  efficiency,  [-] 

A/D 

analog-to-digital 

Pv 

voltage  efficiency,  [-] 

d.c. 

direct  current 

pi 

fuel  utilisation,  [-] 

FS 

full  scale 

a 

number  of  stack  cells,  [— ] 

LiPo 

lithium-polymer 

B 

polarisation  curve-fit  coefficient,  [V  ln(A)-1] 

PEM 

proton  exchange  membrane 

F 

Faraday  constant,  [C  mol-1] 

UAS 

unmanned  aircraft  systems 

I 

fuel-cell  stack  current,  [A] 

management  systems,  which  present  implementation  challenges 
requiring  proper  consideration  when  integrating  the  powerplant  in 
an  (unmanned)  aircraft. 

Despite  the  documented  need  for  detailed  performance  data 
and  a  hybrid  architecture,  most  reports  in  the  literature  focus  on 
the  aircraft  development  and  only  present  limited  flight-test  results 
on  the  performance  of  the  propulsion  system.  Detailed  in¬ 
vestigations  of  the  static  and  dynamic  behaviour  of  fuel-cell  power 
sources  in  UAS  configurations  are  limited  [5],  and  the  performance 
of  hybrid  battery-fuel-cell  systems  for  UAS  is  only  superficially 
documented  [6,15]. 

This  paper  describes  a  detailed  characterisation  of  the  Horizon 
Energy  Systems’  AeroStack1  hybrid,  fuel-cell-based  powertrain, 
which  is  designed  for  use  in  small  UAS  [29,30],  Section  2  of  the 
paper  describes  the  architecture  of  the  test  bench,  which  has  been 
arranged  to  permit  future  hardware-in-the-loop  simulation.  Sec¬ 
tion  3  presents  the  (static)  polarisation  curve  of  the  hybrid  system; 
and  its  dynamic  response  is  described  in  Section  4. 


2.  Test-bench  architecture 

A  schematic  representation  of  the  test  bench  used  to  charac¬ 
terise  the  hybrid  system  is  given  in  Fig.  1.  The  hardware  compo¬ 
nents  tested  in  the  current  configuration  are  shown  in  the  light- 
grey  area  of  the  figure.  They  consist  of  the  AeroStack  hybrid  sys¬ 
tem,  which  comprises  a  fuel  cell,  its  controller,  a  6S-cell  lithium- 
polymer  (LiPo)  battery,  and  a  passive  power-management  board 
[29,30],  As  illustrated  in  Fig.  1,  the  AeroStack  fuel  cell  is  supplied 
with  high-purity  (99.999%)  hydrogen  from  pressurised  bottles;  and 
a  load  is  applied  using  a  direct-current  (d.c.)  electronic  load. 


2.J.  Hardware  components 

The  test  bench  is  currently  built  around  a  hybrid  AeroStack 
system  from  Horizon  Energy  Systems  [29,30],  It  includes  a  35-cell 
proton  exchange  membrane  (PEM)  fuel-cell  stack  with  an  active 
area  of  16.8  cm2.  The  stack  has  a  nominal  power  output  of  200  W 
and  can  deliver  up  to  10  A  [29,30].  Its  operating  voltage  ranges  from 
32  V  when  no  load  is  applied  to  20  V  at  full  load  [29,30],  The  fuel  cell 
is  self-humidified  and  operates  at  near-ambient  cathode  pressure. 
The  anode  (hydrogen  side)  is  dead-ended  so  that  all  of  the 


1  Horizon  Energy  Systems  has  recently  rebranded  its  products,  adopting  the 

name  AeroStack  for  the  fuel-cell  hybrid  system  and  using  AeroPak  for  the  system 
including  a  chemical-hydride  tank.  To  reflect  this,  the  name  AeroStack  is  used  here. 


hydrogen  is  either  consumed  by  the  fuel-cell  reaction  or  wasted 
due  to  leakage  or  purging. 

The  fuel-cell  controller  adjusts  the  stack  temperature  by  con¬ 
trolling  the  speed  of  the  cathode-supply  fans,  as  indicated  in  Fig.  1. 
The  controller  also  regulates  periodic  anode  purging  to  maintain  a 
high  rate  of  hydrogen  utilisation  and  to  ensure  stable,  prolonged 
stack  performance  1 30],  Anode  purging  is  required  to  remove  inert 
gases,  liquid  water  and  contaminants,  as  well  as  any  excess 
hydrogen  from  the  fuel-cell  anode  and  to  maintain  internal  pres¬ 
sure  at  appropriate  levels  [5,21,31-35],  Finally,  the  controller  short- 
circuits  the  fuel  cell  every  10  s.  This  increases  the  stack  efficiency 
and  forms  part  of  the  self-humidification  process  of  the  fuel  cell 

[36] ,  Short-circuiting  is  executed  through  a  solid-state  switch  on 
the  controller  that  is  connected  across  the  fuel  cell’s  output  ter¬ 
minals  [36],  During  short-circuiting,  the  load  is  disconnected  from 
the  fuel  cell  for  about  50  ms,  and  the  fuel  cell  does  not  supply  power 
to  either  the  load  or  its  own  controller  [36],  The  LiPo  battery  is 
included  in  the  circuit  to  provide  continuous  power  to  the  load  and 
controller  and  to  prevent  total  loss  of  power  to  either.  The  fuel-cell 
controller  has  a  capacitor  to  smooth  the  power  output,  but  its  ca¬ 
pacity  is  not  sufficient  to  bridge  the  50-ms  gap  completely  [36]. 

Besides  bridging  the  short-circuiting  period,  the  6S-cell  Thun- 
derPower  1350-mAh  (25C)  LiPo  battery  pack  can  deliver  an  addi¬ 
tional  400  W  for  2  min  to  meet  the  high-power  requirements 
during  UAS  take-off  or  climbing  [30],  The  battery  augments  the 
power  output  from  the  fuel  cell  through  the  power-management 
board,  and  the  total  output  power  is  limited  to  800  W  for  approx¬ 
imately  1  min  to  prevent  its  Schottky  diode  from  overheating  [30], 
The  board  additionally  controls  the  recharging  of  the  battery  when 
excess  power  is  available  from  the  fuel  cell. 

2.2.  Interface  components 

In  the  experimental  arrangement  described  here,  the  interface 
components  provide  the  physical  and  communication  link  between 
the  software  and  the  previously  described  hardware  components. 
The  electrical  connection  between  the  hybrid  AeroStack  system  and 
the  control  software  is  made  by  use  of  a  BK  Precision  8514  d.c. 
electronic  load  [37],  This  programmable  multi-mode  load  can  draw 
up  to  1200  W  and  is  rated  up  to  120  V  and  240  A.  In  constant-power 
mode,  the  load  has  an  accuracy  of  1.0%  ±  0.1%  of  the  full  scale  (FS) 

[37] , 

As  the  AeroStack  system  does  not  provide  a  measurement  of  the 
hydrogen  flow  rate,  a  mass-flow  meter  is  included  on  the  test 
bench,  so  that  the  efficiency  of  the  fuel  cell  can  be  determined.  An 
Apex  AX-M4SLPM-D5  flow  meter  has  been  selected  because  it  of¬ 
fers  a  high  repeatability  (0.2%  FS),  coupled  with  a  very  high 
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1.  Schematic  of  the  test  bench. 


accuracy  (0.2%  of  the  reading),  when  custom  calibrated  [38],  As 
shown  in  Fig.  1,  additional  current  and  voltage  measurements  are 
made  to  verify  the  values  reported  by  the  AeroStack  system.  Eagle 
Tree  Systems  Hall-effect  sensors  are  used  for  the  current  mea¬ 
surements.  They  measure  0—100  A  in  50-mA  increments  and  are 
calibrated  before  use  with  the  BK  Precision  electronic  load  and  an 
ET  System  LAB/SMS  435  d.c.  power  source.  The  fuel-cell  and  battery 
voltages  are  measured  using  voltage  dividers  consisting  of  two 
resistors  in  series  to  bring  the  voltage  down  to  the  0—5  V  range  of 
the  analog-to-digital  (A/D)  converters.  The  current  and  voltage 
measurements  are  recorded  by  use  of  an  Arduino  Pro  Mini  sensor 
board  equipped  with  an  8-channel,  16-bit  A/D  converter  from 
Linear  Technologies  (LTC1859).  For  the  tests  reported  here,  the 
outputs  from  the  mass-flow  meter  and  sensor  board  are  sampled  at 
50  Hz  to  permit  the  capture  of  at  least  two  samples  during  each 
short-circuiting  period  of  the  system.  The  d.c.  electronic  load  is 
controlled  at  2  Hz;  and  the  AeroStack  system  reports  the  voltages  of 
the  fuel  cell  and  battery,  as  well  as  the  fuel-cell  current,  power,  and 
temperature,  at  1  Hz.  The  control  of  the  electronic  load  and  the  data 
acquisition  are  performed  using  a  Matlab®  interface  developed  for 
the  purpose. 

3.  AeroStack  polarisation  curve 

The  performance  of  fuel  cells  is  typically  presented  in  the  form 
of  a  polarisation  curve,  which  indicates  the  relationship  between 
the  fuel-cell  stack  voltage,  V,  and  the  stack  current,  1  [5,39],  The 
polarisation  curve  indicates  the  static  performance  of  the  fuel-cell 
stack.  As  the  fuel  cell’s  control  system  regulates  the  temperature 
and  evaporative  cooling  of  the  stack  through  the  speed  of  the 
cathode-supply  fans,  the  polarisation  curve  is  influenced  by  the 
control  system.  This  connection  between  the  air-supply,  water- 
management,  and  cooling  systems  leads  to  a  nonlinear  relationship 
amongst  the  cathode  stoichiometry,  membrane  humidification, 
and  stack  temperature  [5],  which  is  represented  by  the  polarisation 

The  polarisation  curve  of  the  AeroStack  PEM  fuel  cell  is  deter¬ 
mined  by  measuring  the  stack  current  and  voltage  at  its  output.  The 
measurements  are  made  with  the  hybrid  system  delivering  power 
in  the  range  of  0—600  W  and  with  the  fuel  cell  operating  under  its 
normal  thermal  and  stoichiometric  control.  For  power  settings 
below  300  W,  each  setting  is  maintained  for  ~100  s;  whereas  for 


higher  power  settings,  this  time  is  reduced  linearly  to  ~30  s  at 
600  W  to  avoid  excessively  draining  the  LiPo  battery.  An  inordinate 
depletion  rate  of  the  battery  would  lead  to  fluctuations  in  the 
system  voltage  during  the  testing  period,  which  would  change  the 
recorded  operating  point.  Reducing  the  testing  time  with 
increasing  power  minimises  this  effect. 

The  polarisation  curve  is  represented  in  Fig.  2(a).  Results  from 
two  measurements  of  the  time-averaged  voltage  and  current 
delivered  by  the  fuel  cell  at  each  test  point  are  depicted.  A  small 
difference  can  be  seen  between  the  voltage  reported  by  the  Aero¬ 
Stack  and  that  obtained  from  the  Arduino  sensor  board,  particularly 
at  low  currents.  The  power  level  reported  by  the  AeroStack  system 
and  that  computed  from  the  sensor-board  measurements  {P=  I  V) 
are,  however,  in  very  good  agreement,  as  shown  in  Fig.  2(b). 


Fig.  2.  (a)  Fuel-cell  polarisation  curve  and  (b)  output  power  vs.  current 
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Results  from  a  curve  fit  of  each  dataset  are  also  shown  in 
Fig.  2(a).  The  curve  fits  are  obtained  with  the  following  expression 
(adopted  from  Refs.  [19,40-42]): 

V  =V0-B\n(I)-RI-mexp(nI),  (1) 

and  the  coefficients  of  each  curve  fit  and  their  coefficients  of 
determination  (R2 -values)  are  reported  in  Table  1.  The  coefficients 
are  used  to  compute  the  polarisation  and  power— current  curves 
shown  in  Fig.  2(b). 

The  activation-voltage  drop  due  to  the  double  layer  of  charge  at 
the  interfaces  between  the  membrane  and  the  electrodes  [42-45]  as 
well  as  to  fuel-crossover  and  internal  currents  [45]  is  clearly 
noticeable  in  the  region  of  small  currents  in  Fig.  2(a).  The  activation- 
voltage  drop  is  modelled  by  the  logarithmic  term  in  Eq.  ( 1 ).  At  higher 
currents,  the  voltage  depends  linearly  on  the  current,  as  shown  by 
the  R  ■  I  term  in  Eq.  ( 1 ).  This  indicates  the  prevalence  of  Ohmic  losses, 
caused  by  membrane  resistance  to  the  transfer  of  protons  and 
electrical  resistance  of  the  electrodes  [19,32,33,40,44,46],  At  even 
higher  currents,  concentration  (or  diffusion)  losses  occur,  as  mass 
transfer  limits  the  stack  performance  and  results  in  a  rapid  voltage 
drop-off  [  19,42,46 ].  As  indicated  by  the  low  value  of  the  coefficient  of 
the  exponential  term  in  Eq.  (1)  (m),  this  region  cannot  be  reached 
with  the  AeroStack,  as  the  controller  prevents  the  fuel  cell  from 
operating  at  sufficiently  high  currents. 

The  measured  rate  at  which  fuel  is  consumed  by  the  system, 
rhH2, tot  (which  includes  purged  hydrogen)  is  shown  in  Fig.  3.  The 
stack  power  is  computed  from  the  data  in  Fig.  2.  Also  shown  is  the 
fuel  utilisation,  which  is  defined  as  [47,48]: 


where  mH2  is  the  hydrogen  flow  rate  without  the  purged  hydrogen 
(i.e.,  only  the  hydrogen  that  is  reacted  in  the  stack  or  steadily  lost  to 
leakage).  The  flow  rate  of  hydrogen  without  purging  is  determined 
from  the  mass-flow-rate  measurements  by  taking  a  moving 
average  over  a  sample  range  of  10%  of  the  total  number  of  mea¬ 
surements  for  each  operating  point.  Thus,  the  peaks  in  fuel-flow 
rate  due  to  purging  are  filtered  and  smoothed;  and  a  good 
approximation  of  the  fuel  utilisation  is  obtained  without  measuring 
the  small,  highly  variable  purging  flow  rate. 

The  total  fuel  consumption  is  roughly  linear  with  the  output 
power  of  the  fuel  cell,  as  shown  on  Fig.  3(a).  A  fuel  utilisation  of  over 
90%  is  obtained  above  50  W  (Fig.  3(b)).  The  utilisation  drops  to  just 
above  40%  at  low  power.  This  is  consistent  with  other  reports 
[7,8,32],  which  give  peak  utilisation  values  of  90—95%.  The  esti¬ 
mates  of  fuel  utilisation  above  140  W  are  slightly  less  accurate,  as 
the  mass-flow  meter  reaches  its  maximum  capacity  of  4.5  slpm 
during  purging  at  those  power  levels. 

The  electrical  efficiency  computed  from  the  two  independent 
datasets  represented  in  Fig.  2  is  given  in  Fig.  4(a).  The  electrical 
efficiency,  ijei,  is  defined  as  the  ratio  of  the  power  output  by  the 
stack  to  that  input  to  the  system  in  the  form  of  hydrogen  [47,48]: 


Table  1 

Coefficients  for  curve  fits  shown  in  Fig.  2. 


AeroStack  data  Sensor-board  data 


V0  [V]  30.48 

B  [V  ln(A)-1]  0.4947 

R  [Q]  0.5002 

m  [V]  1. 972  10- 

n  [A-1]  0.6826 

Revalue  0.9986 


30.76 
0.6281 
0.5627 
2.174- 10- 
0.8192 
0.9987 


Fig.  3.  (a)  Total  fuel  consumption  and  (b)  fuel  utilisation  as  functions  of  fuel-cell 
output  power. 


Vel  — 


IV 

171h2  •  LHV  ’ 


(3) 


Power  [W] 


Fig.  4.  (a)  Electrical,  (b)  Farad 
output  power. 


die,  and  (c)  voltage  efficiencies  as  functions  of  fuel-cell 
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where  LHV  is  the  lower  heating  value  of  hydrogen  (120  MJ  kg-1).  To 
assist  with  identifying  the  sources  of  “inefficiency”,  Fig.  4  also  in¬ 
cludes  the  Faradic  and  voltage  efficiencies.  The  electrical  efficiency 
can  be  decomposed  as  follows  [47,48]: 

*7ei  =  ‘nth'Vf'Vv'fH,  (4) 


where  r/th  is  the  thermodynamic  or  theoretical  efficiency,  r/p  is  the 
Faradic  (or  current)  efficiency,  and  rjy  is  the  voltage  efficiency.  The 
thermodynamic  efficiency  is  defined  as  the  ratio  of  the  Gibbs  free 
enthalpy  of  formation,  Agf,  to  the  fuel’s  molar  lower  heating  value, 
lhv  [42,47,48]: 


(5) 


which  yields  a  value  of  98.1%  for  hydrogen.  The  Faradic  efficiency, 
tjf.  is  given  by  [47,48]: 


where  F  is  the  Faraday  constant  (9.648  104  C  mol-1),  hH2  is  the 
molar  flow  rate  of  the  hydrogen  reacted  in  the  stack  (without  the 
purged  hydrogen),  and  a  is  the  number  of  cells  in  the  stack.  The 
factor  of  two  in  the  denominator  represents  the  valency  of  the 
reaction  (two  electrons  per  hydrogen  molecule).  Finally,  the  voltage 
efficiency,  rpj,  is  given  by  [47,48]: 


%  - 


2  FV 
a-Agf ' 


(7) 


As  before,  the  coefficient  of  two  accompanying  the  Faraday 
constant  represents  the  valency  of  the  reaction. 

Fig.  4  shows  that  the  electrical  efficiency  is  above  50%  for  a  wide 
range  of  power  output.  As  in  Fig.  2,  significant  differences  are 
observable  between  the  values  measured  via  the  sensor  board  and 
the  values  reported  by  the  AeroStack  system.  However,  both  mea¬ 
surements  indicate  that  the  electrical  efficiency  exceeds  50%  be¬ 
tween  50  and  200  W,  the  nominal  operating  range  of  the  fuel  cell 
[30],  Fig.  4(b)  shows  that  the  low  electrical  efficiency  at  low  power 
settings  results  from  a  low  Faradic  efficiency.  At  high  power,  the 
voltage  efficiency  drops,  as  the  fuel  cell  operates  at  lower  voltage. 
The  Faradic  efficiency  is  close  to  100%,  with  values  exceeding  100% 
computed  from  the  data  reported  by  the  AeroStack  system. 


4.  Dynamic  behaviour  of  the  AeroStack  system 

The  static  polarisation  curve,  as  shown  in  Fig.  2(a),  is  often  used 
for  design-phase  system  modelling  of  fuel-cell  vehicles  and  can 
generally  be  obtained  from  fuel-cell  manufacturers.  Knowledge  of 
the  dynamic  behaviour  of  the  hybrid  power  system  is,  however, 
crucial  for  UAS  applications,  as  a  fast  response  to  throttle  changes  is 
essential.  Thus  the  dynamic  response  of  the  AeroStack  system  to 
rapid  load  changes  is  characterised  by  creating  a  dynamic  polar¬ 
isation  curve. 


4.1.  Dynamic  polarisation  curve 

As  discussed  previously,  the  polarisation  curve  represents  the 
nonlinear  relationship  between  cathode  stoichiometry,  membrane 
humidification,  and  stack  temperature.  When  fed  by  dry  gases, 
membrane  humidification  depends  on  the  amount  of  water  pro¬ 
duced  by  the  electrolysis  reaction,  which  is  a  function  of  the  load, 
and  the  operating  temperature.  The  production  and  evaporation 
rates  of  the  water  are  thus  time  and  load  dependent  [40], 


Furthermore,  the  fuel-cell  temperature  affects  the  activity  of  the 
catalyst  on  the  anode  and  cathode,  the  humidification  state  of  the 
membrane,  the  saturation  of  the  gas  dynamic  layers,  and  gas 
diffusion  through  the  membrane  [33],  Both  the  humidification  and 
temperature  therefore  influence  the  dynamic  performance  of  the 
fuel  cell.  To  assess  this  impact,  the  AeroStack  system  is  subjected  to 
more  rapid  positive  and  negative  load  changes  than  those  used  in 
evaluating  the  static  polarisation  curve  described  previously.  The 
load  is  ramped  up  from  0  to  300  W  and  returned  to  0  W  using  the 
same  load  changes  as  for  the  static  polarisation  curve.  Two  com¬ 
plete  test  sequences  are  executed,  with  constant-load  intervals  of 
2  s  and  with  intervals  of  20  s.  The  resulting  dynamic  polarisation 
curves  are  given  in  Fig.  5. 

The  dynamic  polarisation  curves  clearly  show  that  a  hysteresis 
effect  is  present  at  both  time  intervals.  A  similar  phenomenon  is 
observed  in  Refs.  [40,49—51]  and  the  bistable  current— voltage 
characteristic  is  thought  to  be  related  to  the  impact  of  autocata- 
lytical  water  production  on  membrane  conductivity  [40,50,51],  For 
sudden  increases  in  load,  the  water  content  may  be  slow  to  reach 
equilibrium  because  the  production  rate  is  time  dependent.  As  a 
consequence,  the  membrane  does  not  have  the  required  humidity 
for  efficient  proton  conductivity  [40];  and  a  lower  voltage  is 
observed  at  a  given  current  compared  with  the  value  obtained  for  a 
decreasing  load.  In  the  latter  case,  the  membrane  already  contains 
the  required  water  from  the  previous  higher-load  operating  inter¬ 
val.  The  appearance  of  the  bistable  current— voltage  characteristics 
in  self-humidified  operation  suggests  that  stoichiometry  is  not 
constant  during  rapid  load  changes  [51  ]. 

This  is  confirmed  by  the  increase  in  the  magnitude  of  the  hys¬ 
teresis  when  faster  load  changes  are  commanded,  as  shown  in 
Fig.  5.  In  addition,  the  curve  obtained  with  2-s  intervals  is  more 
irregular  than  the  20-s-interval  curve  due  to  the  purging  and  short- 
circuiting  of  the  fuel  cell.  As  both  purging  and  short-circuiting  occur 
every  10  s,  each  20-s  interval  includes  two  purging  and  two  short- 
circuiting  events.  This  is  not  the  case  for  the  2-s  operating  intervals. 

4.2.  System  response  to  fast  load  changes 

The  dynamic  polarisation  curves  shown  in  Fig.  5  are  obtained  by 
commanding  only  modest  load  changes;  however,  tests  with  rapid, 
large  load  changes  are  also  conducted.  The  AeroStack  hybrid  system 
is  subjected  to  the  following  load  sequence  with  abrupt  changes: 
0  W  —  400  W  —  0  W  —  200  W  —  0  W  —  100  W  —  0W  —  50W  —  0W. 
Each  power  setting  is  maintained  for  60  s.  The  resulting  system 
response  is  illustrated  in  Figs.  6-8.  The  power  evolution  during  the 
test  is  given  in  Fig.  6,  while  the  variations  in  current  and  voltage  are 
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shown  in  Figs.  7  and  8,  respectively.  The  measurements  obtained 
via  the  Arduino  sensor  board  are  filtered  and  smoothed  using  a 
moving  average  with  a  1  -s  window  to  damp  out  fluctuations  due  to 
electromagnetic  interference  and  the  switching  of  the  MOSFET  on 
the  power-management  board.  The  smoothing  does  not  obscure 
the  effects  of  the  short-circuiting,  but  does  dampen  the  current  and 
voltage  fluctuations  associated  with  those  events. 

The  power  delivered  by  the  hybrid  system  accurately  follows  the 
commanded  load  changes,  as  can  be  seen  in  Fig.  6.  When  high 
power  is  suddenly  requested,  the  battery  ensures  that  the  system 
responds  rapidly,  as  shown  by  the  first  two  power  increases  in 
Fig.  6.  The  battery  provides  a  significant  portion  of  the  total  power 
during  the  period  when  400  W  is  demanded,  but  is  active  for  only 
~  20  s  following  the  step  to  200  W,  after  which  the  fuel  cell  supplies 
the  load.  In  contrast,  for  the  50-  and  100-W  steps,  the  battery  does 
not  supply  power;  and  the  entire  load  change  is  accommodated  by 
the  fuel  cell.  During  these  low-power  periods,  the  fuel-cell  stack  is 
capable  of  meeting  the  change  in  load  demand  alone;  and  the 
battery  output  is  cut  off  by  the  diode  switch.  An  equivalent  phe¬ 
nomenon  was  observed  in  Ref.  [21  ]. 

The  contribution  of  the  battery  to  the  larger  load  increases  in¬ 
dicates  that  the  fuel-cell  controller  limits  the  rate  of  increase  of  the 
current  or  power  to  prevent  starvation  due  to  a  rapid  drop  in  cell 
voltage.  Rapid  load  changes  can  induce  temporary  membrane 
dehydration  due  to  electro-osmotic  drag  on  the  anode  side  [21,52] 
and  air-feeding  starvation  on  the  cathode  side  [21—24,53,54], 
Starvation  occurs  when  reactants  are  consumed  faster  than  they 
can  be  supplied  and  can  cause  degeneration  of  the  cells.  To  prevent 
oxidant  starvation,  the  cathode  mass  flow  needs  to  be  adjusted 
rapidly.  However,  the  inertia  and  the  time  lag  in  the  control  of  the 
fans  limit  the  rate  at  which  the  mass-flow  rate  can  be  increased.  To 
reduce  the  risk  of  starvation,  the  dynamics  of  the  load  change  can 


Total  AeroStack  Power 


Total  AeroStack  Current 


Fuel-Cell  Current 


be  constrained  or  a  fast-responding  auxiliary  power  source  can  be 
added  [24,53,54], 

The  current  and  voltage  histories,  shown  in  Figs.  7  and  8, 
respectively,  highlight  the  role  of  the  power-management  board  of 
the  AeroStack  hybrid  system.  The  fuel-cell  voltage,  as  reported  by 
the  AeroStack  system  and  as  measured  via  the  sensor  board,  follows 
the  battery  voltage  closely  when  a  high  load  is  drawn  (Fig.  8).  The 
battery  voltage  reported  by  the  AeroStack  system  is  lower  than  the 
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running-average  recorded  via  the  sensor  board,  because  the  system 
reports  the  battery  voltage  only  during  periods  of  short-circuiting 
(when  the  entire  load  is  drawn  from  the  battery  and  its  voltage 
drops  temporarily).  However,  the  battery-voltage  values  reported 
by  the  AeroStack  system  closely  match  the  minimum  values 
(troughs)  in  the  raw  data  obtained  via  the  sensor  board  (before 
temporal  averaging). 

The  negative  battery  current  around  ~  120  s  on  Fig.  7  shows  that 
the  battery  is  recharged  by  the  fuel  cell  when  the  demanded  power 
drops  from  400  to  0  W.  The  fuel  cell  supplies  a  peak  current  of  ~  1  A 
to  the  battery.  Whereas  the  current  drops  off  rapidly,  charging 
continues  until  the  battery  voltage  reaches  ~24.5  V.  After  the  200- 
W  step,  a  similar  phenomenon  occurs,  albeit  at  much  lower 
currents. 

The  measured  current  levels,  shown  in  Fig.  7  also  indicate  that 
higher  current  fluctuations  occur  at  higher  loads.  This  is  because 
operation  under  higher-power  conditions  leads  to  an  increase  in 
fuel-cell  temperature.  The  controller  attempts  to  regulate  the 
temperature  by  changing  the  speed  of  the  fans,  which  causes  both  a 
higher  power  consumption  by  the  fans  and  current  fluctuations 
[55], 

Furthermore,  the  fuel  cell  takes  around  20  s  to  reach  its  peak 
output  after  a  load  change,  as  can  be  observed  from  the  data  in 
Fig.  6.  This  delay  suggests  that  the  transient  response  is  limited  by 
membrane  hydration.  As  shown  in  Refs.  [52,56],  membrane  dry-out 
due  to  electro-osmotic  drag  occurs  relatively  quickly,  but  it  takes 
several  seconds  for  water  back-diffusion  to  re-wet  the  anode  side.  A 
time  constant  of  ~10  s  is  given  in  Ref.  [56]  for  this  phenomenon, 
which  is  consistent  with  the  observed  transients  in  Figs.  6—8. 
During  the  high-load  transients,  a  current  overshoot  and  voltage 
undershoot  are  also  observed.  An  equivalent  phenomenon  was 
observed  in  Refs.  [21],  where  the  effect  was  attributed  to  an  inte¬ 
grative  influence  of  both  the  charge  double-layer  effect  and  mass- 
transfer  mechanisms.  According  to  Ref.  [21],  the  water  and  gas 
transport  and  distribution  strongly  influence  the  overshoot/un¬ 
dershoot  behaviours  in  different  current  ranges;  and  large,  rapid 
load  changes  could  induce  temporary  dehydration. 

5.  Conclusion 

Advanced  fuel-cell-based  hybrid  powerplants  can  offer  signifi¬ 
cant  operational  advantages  for  small  unmanned  aircraft  systems 
over  more  traditional  systems;  however,  a  detailed  understanding 
of  the  impact  of  their  system  dynamics  is  required  for  their  inte¬ 
gration  into  unmanned  vehicles.  The  system  dynamics  associated 
with  Horizon  Energy  Systems’  AeroStack  hybrid,  fuel-cell-based 
powertrain  are  investigated.  The  results  show  that  the  dynamic 
performance  of  the  system  can  differ  significantly  from  its  static 
performance,  thereby  confirming  the  need  for  such  testing.  The 
following  conclusions  can  be  drawn: 

•  The  fuel-cell  controller  prevents  the  system  from  operating  in 
the  region  of  high  concentration  losses. 

•  The  fuel  utilisation  of  the  AeroStack  is  above  90%  from  50  W  to 
200  W,  and  an  electrical  efficiency  of  over  50%  is  obtained  for 
this  power  range. 

•  The  dynamic  polarisation  curve  shows  hysteresis  due  to  water 
and  temperature  management. 

•  When  the  load  is  reduced,  the  AeroStack  fuel  cell  recharges  the 
depleted  battery  with  currents  of  up  to  1  A. 

The  results  also  demonstrate  that  the  AeroStack  system’s  LiPo 
battery  plays  a  crucial  role  in  the  dynamic  response  of  the  system  to 
rapid  load  changes  and  protects  the  fuel  cell  from  membrane 
dehydration  and  fuel  starvation.  The  battery  provides  a  significant 


portion  of  the  requested  load  at  high  power  levels  and  when  large 
load  increases  are  demanded.  However,  for  smaller  load  increases, 
the  battery  does  not  contribute,  as  it  is  isolated  by  a  diode  on  the 
AeroStack’s  power-management  board. 
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